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TW  kmoyt  M  Jpnna/Kerbon 

The  w  idcsprciKl  belief  ihai  dolphins  arc 
capable  of  csiraordinary  swimming  speed 
was  noted  sears  ago  b>  Arisloile.  w  ho 
wrote.  "It  [the  dolphinl  appears  to  be  the 
lleelest  ol  all  animals,  marine  and  terrestrial 
."  (.Htsloitii  Xiiiiimliiim)  In  the  first  of 
more  recent  consideralions  of  dolphin  hy- 
driKlynamic  efliciencs.  Sir  John  (Iras  m 
Id.fb  citeil  observations  ol  a  fellow  scientist 
w  ho  ckK'ked  a  dolphin  passing  from  stem  to 
bow  of  a  ship  making  S  ^  knots,  from  w  hich 
he  calculated  a  sw  miming  speed  of  20  knots 
1 1 1.  (iras.  assuiiimg  that  the  dolphin  could 
have  maintained  this  s|X'ed  for  a  consider 
ably  longer  lime,  concluded  that,  w  iih  lurtiu- 
lent  How.  the  animal  would  have  to  have 
muscles  seven  limes  stronger  than  those  of 
other  mainmals  Mure  inclined  to  believe 
that  dolphins  have  a  means  of  achieving 
laminar  How.  he  experimented  with  rubber 
miHlels  in  an  altempl  to  determine  whether 
Ilexions  of  the  IkhIv  could  prevent  lurbu 
lence.  his  results  were  inconclusive  1 1.2| 

lEfE  ENGINEERING  IN  MEDICINE  AND  IIOIOGY 


Kramer  suggested  that  dolphins  have  a 
compliant  skin  that  enhances  their  hvilrodv 
nainic  performance  by  damping  incipient 
turbulence  |  .V4|.  Kramer  also  was  the  lust  to 
develop  a  synthetic  vessel  coating  based 
upon  dolphin  skin  However,  his  coating 
contained  no  mechanism  for  active  vibration 
or  for  other  adjustments  to  changing  bound 
ary  layer  conditions  l.ang.  in  addition  to  his 
own  studies  of  dolphin  hydrodynamics,  re 
viewed  ihe  earlier  work  and  evaluated  the 
various  theories  |.^).  Concerning  the  idea 
that  dolphins  might  activelv  change  their 
skin  surface  to  reduce  hydrodynamic  drag, 
he  stated.  "An  alternate  explanation  for  low 
drag  with  regard  to  cetaceans  is  that  thev 
actively  adjust  the  flexibilitv  and  movement 
of  their  skin  to  damp  out  the  microscopic 
disturbances  in  the  laminar  boundarv  laser 
Betchov  showed  that  the  laminar  How  might 
be  extended  indefinitely  by  this  means  " 

Several  other  authors  have  suggested  that 
the  skin  of  living  dolphins  makes  adjust 
ments  that  improve  boundary  layer  condi 
lions  to  reduce  drag  during  underwater 
swimming  |6.  7,  8.  9,  10).  Their  evidence 
was  based  on  skin  anatomy .  nerve  structures 
in  the  skin,  electrical  potentials  Irom  the 
skin,  or  from  microvibralions  These  ideas 
can  best  be  summarised  by  a  quotation  Irom 
Khomenko  and  Khad/hmskiy  (O).  One  ol 
Ihe  reasons  that  dolphins  are  so  hydnnlv 
namically  jx'rfcct  is  that  they  actively  con 
trol  Iby  relieves)  their  skin,  which  contains 
specific  receptors  connected  to  the  central 
nervous  system  " 

Innervation  of  dolphin  skin  has  been  de 
scribed  by  I’almer  and  Weddell  |'|  and  by 
Harrison  and  Thurley  |II.I2|  file  lirst 
authors  were  especially  impressed,  s.iying 

"The  presence  of  longitudinallv  disposed 
dermal  ridges,  the  patterned  arrangement  ol 
the  collagen  and  elastic  libers  related  to 
them,  together  with  the  passage  ol  (irelerim 
nal  nerves  through  tunnels  in  the  base  ol  the 
epidennal  ridges  to  serve  large  complex  ler 
imnals  attached  to  papillary  walls,  all  sug 
gest  that  the  skin  is  a  speciali/ed 
pressure-transducing  mechanism  The  nuni 
her  and  complex  arrangement  ol  olhei  nerve 
lerimnals  in  the  skin  further  suggest  that  the 
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DolpHin  sorTatosensory  evoked  poleniials  compared  to  riuman 


skill  IS  insiriiiiiciilal  in  ciuhliiij;  ihc  ilulphin 
ui  btvoiiK'  .iw.irc  1)1  Its  NhIv  iiii.i>;c  in  rdl.i 
non  In  ihc  \A.iliT  arouiul  il,  in  mhcr  wnnls, 
Ihul  ihc  skin  has  tsoth  laclik-  and  proprioscp 
use  luntlnms  a  gixid  ease  ean  be  made  oul 
tor  regarding  ihe  spceiali/ed  innervation  ol 
the  skin  in  Ttirsiop.s  trunmius  as  pan  of  a 
compliealed  sensors  inolor  mechanism 
sshich  permits  the  maintenance  of  laminar 
tlow  ■■  |7| 

Lende  and  Welker  firsl  studied  dolphin 
skin  sensiiivity  m  1972  1 1  3|  They  recorded 
electrical  potentials  from  an  area  of  the  con¬ 
tralateral  cerebral  cortex  to  study  the  repre¬ 
sentation  of  this  area  of  somatosensory 
cortex  on  the  skin  surface.  Using  stimuli 
such  as  tapping,  or  lightly  touching  or  strok¬ 
ing  the  skin,  or  by  allowing  water  droplets  to 
fall  on  the  skin,  the  investigators  produced  a 
map  of  skin  sensitivity  based  upon  record¬ 
ings  from  this  area  of  cortex.  The  greatest 
sensitivity  was  found  in  “a  broad  zone  ex¬ 
tending  below  both  eyes  and  ventrally 
around  the  neck  ..." 

Kolchin  and  Bel'kovich  [I4|  used  the 
galvanic  skin  response  (GSR)  produced  by 
a  0.3  mm  weighted  wire  to  make  a  partial 
map  of  body  skin  sensitivity  in  the  common 
dolphin.  Delphtnus  delphis.  Of  the  body 
portions  studied,  they  found  the  dolphin  to 
be  most  sensitive  (10  mg/mm")  in  separate 
circular  areas  of  about  five  cm  diameter 
around  the  blowhole  and  eyes.  The  snout, 
lower  jaw,  and  melon  were  found  to  be 
somewhat  less  sensitive  ( 10  to  20  mg/mm^l, 
while  still  less  sensitivity  (20  to  40  mg/mm^) 
was  observed  along  the  back  in  broad  areas 
both  anterior  and  posterior  to  the  dorsal  fin 
The  authors  state  that,  "from  an  ecological 
point  of  view  the  results  we  obtained  are  not 
unusual.  The  values  for  the  threshold  of  sen¬ 
sitivity  to  touch  in  dolphins  are  10  to  40 
mg/mm‘;  this  is  close  to  the  values  for  a 
human  being  in  the  most  sensitive  skin  areas, 
the  tactile  surfaces  of  the  fingers,  the  skin  of 
the  eyelids,  and  the  lips"  1 14) 

Microvibrations.  minute  tremor-like  vi¬ 
brations  that  occur  in  warm-blorxJed  animals 
at  all  times  over  the  entire  btxly.  have  an 
amplitude  of  about  one  to  five  pm  at  fre¬ 
quencies  of  seven  to  I  3  Hz  in  relaxed  hu¬ 
mans  This  'minor  tremor"  is  thought  to  be 
important  in  maintaining  btxiy  temperature 
II.*))  Shivering  is  believed  to  be  a  natural 
amplification  of  this  continuously  present 
tremor  Microvibrations  m  dolphin  skin 
were  studied  by  Haider  and  Lindsley.  who 
observed  that  the  dolphin  skin  exhibited  mi¬ 
crovibrations  three  or  four  times  the  ampli¬ 
tude  found  in  human  skin  |6| 

Gross  movements  of  the  body  surface 
can  be  prtxluced  by  contraction  of  subcuta 
neous  muscle  The  muu  ulu.s  <uuinef>u.\ 
Iformcrly  known  as  pannu  ulu'  (  tirrunus) 


Verte*  lo  snoul 


1.  Somalosensory  evoked  potentials  from  a  dolphin  compared  to  those  from  a  hu¬ 
man  evoked  by  a  stimulus  to  the  wrist.  Human  evoked  potentials  redrawn  from  Al¬ 
lison  [25].  Numbers  indicate  areas  where  stimuli  were  delivered  to  evoke  the 
responses  shown.  Recording  leads  were  on  the  dolphin's  right  side  and  stimulus  sites 


Skin  Sensitivity  Map 
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2.  Map  of  dolphin  skin  sentsitivity  based  on  somatosensory  evoked  potentials.  The 
belly  and  genital  area  were  not  tested.  I,  most  sensitive,  followed  by  2,  3  and  4  in 
descending  order. 
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3.  Frequency  analysis  of  microvibrations  from  the  dolphin's  skin.  A  60-s  epoch  of 
signal  from  a  biomorph,  positioned  as  shown  in  the  drawing,  was  averaged  on  the 
SD-350  spectrum  analyzer  to  produce  this  plot.  Major  peaks  in  this  period  were  at 
5, 16,  and  33  Hz.  Significant  peaks  above  40  Hz  were  very  rarely  observed. 


Microvibraion  response  to  vibratory  stimulation  ot  ooiphm  stun 


4.  Response  of  dolphin  skin  as  recorded  from  an  accelerometer  and  a  biomorph  af- 
fixed  to  the  skin  on  the  side  near  the  dorsal  Tin.  Activity  from  both  of  these  sensors 
continues  after  the  stimulus.  Arrows  indicate  activity  before  the  following  stimulus 
in  the  series. 


Mcrovlbralion  response  ot  dolphin  stun  to  vibratory  slimutation 


Oscillator  (30  H/  stimulus) 


EKG 


5.  Response  to  vibratory  stimulation  at  30  Hz.  Arrow  shows  activity  prior  to  the 
stimulus — ^Just  one  of  a  series.  Activity  recorded  by  the  biomorph  continues  for 
more  than  one  s  after  the  stimulus  is  terminated. 


IS  J  shl'l'l  III  MIIISI  k-  th.lt  Ik  s  iH  IkMlIl  Ilk-  skill 
in  I1I.IIIS  iii.iiiiiii.ils  and  IS  I  .ip.ilik’ I  it  11111^1111.' 
till-  skin  I  In  linisi.'s.  a  iiiaim  iniiipuik  ni  nl 
the  niusi.li.'  IS  t.ilkd  '  lU  s)i.iki.i  |lti|  I  Ilk- 
rrimi  n//(i  iiihiin  inis  is  cs[H'i.  i.ilK  wi  ll  ilc 
\i'lii|vd  in  diilpliins  and  iiltn'i  small  ssliak  s 
117.  I  SI  I  Ills  tliin  sheet  ii)  iiuisi.le  emeis 
tniisl  111  the  dolphin's  buds  esiepl  lur  the 
lailsliiek.  ap|>endages.  snnut,  nielini.  atid 
mki  back  It  lies  betsseen  the  uutei  hlubbei 
layer  (hypudermisi  and  ittner  blubhei  lasei 
id  subeutanciiiis  lal.  and  in  the  butilenose 
diilphtn.  /nrsiiips  iruiu  iKiis.  is  tsso  to  Uvat 
cm  below  the  skin  surlaee 

We  repliealed  the  experiinenis  ol  llaidei 
and  l.indsley  16|  and  enlendcd  the  mvestiga 
lions  begun  by  Lende  and  Welker  |l.7|  to 
find  out  more  about  the  sensitisiiy  and  re 
sponsiveness  of  the  dolphin  skin  We  sought 
ansss'ers  to  the  following  questions  Is  the 
dolphin  epidermis  sensitive  to  small  vibra 
tions’’  Docs  the  skin  respond  to  low  ampli 
tude  vibratory  stimulation'’  Does  the  dolphin 
musculus  cul(inei>us  muscle  that  underlies 
much  of  the  skin  make  rapid  contractions  in 
response  to  stimulation  analogous  to  the 
rapid  'flyshaker "  movemenis  of  similar 
muscles  in  the  horse'’ 

Although  the  intracutaneous  stmeture  ol 
dolphin  skin  has  received  considerable  ai- 
teniion  [7,  12.  19.  20.  211.  the  cutaneous 
surface  has  not  been  studied  in  nearly  as 
much  detail.  Geraci.  et  al,  |20|  mention  the 
existence  of  the  ndges.  but  other  writers 
generally  refer  to  the  skin  of  dolphins  and 
other  small  whales  as  "smiwth  "  The  appear 
ance  and  orientation  of  cutaneous  ridges 
have  been  documented  by  Ridgway  and 
Carder  |22|.  and  by  Shoemaker  and  Ridg 
way  1 2.7).  w  ho  suggest  that  cutaneous  ridges 
may  be  an  important  functional  feature  of  the 
skin 

Materiols  and  Methods 

Physiological  Studies 

for  each  test,  the  dolphin  sub)ecl  (two 
adult  females  and  one  adult  male  boiilenose  1 
was  placed  m  a  padded  tank  in  a  relaliscK 
fixed  position  with  its  dorsal  surlaee  and 
blowhole  above  water  Kxposed  skin  sur 
faces  were  kepi  wet  throughout  the  lest  pe 
riixl  by  sponging  or  misting  with  water 

The  two  types  of  mechanical  siimul.iiioii 
used  were  a  moving  coil  shaker  and  .1  pie/o 
ceramic  bimorjih  1 24 1  The  former  presenied 
stimuli  with  a  great  sanely  ol  frequencies 
and  amplitudes,  the  later  was  used  10  present 
low  amplilude  laciile  slimulaimn  Hoih 
types  have  been  employed  in  human  \ibio 
tactile  studies  A  function  generaloi  coiilrol 
led  stimulus  rale  and  triggered  the  signal 
averaging  coinpuler.  siimulus  rales  .ind  in 
lervals  were  saried  f  ingei  lap  and  water 
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6.  ill  Skt'li  h  shouin^  orit'iiliiiiiMi  (if  niliini'ous  on  a  lM>lllcnosv  dolphin,  b)  2x 

photograph  of  iht*  skin  at»oiil  <  in  fxislcrior  to  the  hlouhole  and  about  10  cm  lat¬ 
eral  to  the  dorsal  niidliiie  uhere  ridges  run  (HTpcndiciilar  to  lon^  axis  of  body,  c)  A 
lov%  •)>«mvr  pholoinkrouratih  ol  a  sciiton  of  skin  taken  parallel  to  the  lon^  axis. 


tif  1  »|*  s|  iniull  .iIm  t  U  t  M  V  • 

V  l.ll  'N  .liu)  \i'\K  |H  I  'r'  \ 

('•  il  V  ‘ji  .111  J  inslnink*iUah«  'll  l.i(  v  u  «.  >  'r«l>  i 
Uiii'  usihI  to  mnnilnl  (.'Icc  If «  k'lK  I’pli.iii  • 

<  1 1  (ii  ink  Mk  ihr.iik ms  i  K  i  in  k  .i: 
ilinL'i.iins  ,iikt  I'lik  In  mu  HIM  .nils  'I  \)(  r 
.tliiinj  u  nil  siiMulIvu  II  I'lj.'cniifi  I'liKi  s  sti.ikri 
loin’  '  I'll  K  lU  sinil  plkUC  tlllK' s  ikK'  ill  vipllll  i 
I'linii.ilkiiu,  .iiul  fi'spii.ilinii  i  m'i'  Ki'l  1  2  '  1  I.  n 
tli'l.iiK  I 


l)<K'unu‘ntiili()n  nr 
Skin  Surfact'  Kidj’es 

uhservod  ihi'  M/n  .nul  nik'ni.ilinii  nl 
Ihi'  (.'ulancouii  ndjifs  ol  the  dolphin  skin  Vi  c 
pholoiiraphcd  the  ridpC'.  noied  itu  ii  orieii 
lalion.  and  made  hisiologieal  seelioiu  I'ho 
lographs  were  made  with  a  special  2v 
close-up  lens  Rough  drawings  were  made 
ot  the  onenlalion  of  the  cutaneous  ridges 
Histological  sections  oricnlcd  wiih  ihe  long 
axisof  ihc  body  were  made  foi  skin  seciioiis 
taken  from  one  dolphin  I'he  seciions  weie 
taken  25  cm  posterior  lo  ihc  blow  hole  and 
10  cm  10  ihe  left  of  the  dorsal  midlinc  I  )ur 
ing  prtK'essing  for  histology  (mounting  in 
paraffin,  sectioning  on  a  microtome,  and 
mounting  on  microscope  slides i.  we  took 
care  that  the  sections  were  registered  so  that 
shrinkage  or  stretching  could  not  diston  ihe 
ridges  which  were  visible  readih  when  seen 
from  the  surface  or  from  Ihe  lateral  margins 
of  the  skin  section  (sec  also  |22.  2.^1 

Results 

Dolphin  Skin  Sensitivity 

We  used  the  somatosensory  tuoked  po 
tcntial  (.SEP)  to  obtain  a  gross  map  ol  dof 
phin  skin  sensitivity,  figure  I  shows 
averaged  potentials  evoked  by  vibrating  the 
dolphin  skin  compared  to  evoked  potentials 
from  the  human  wrist  |251  figure  2  shows 
a  rough  map  of  dolphin  skin  sensuuus 
based  on  Ihc  SEiP 

Microvibrations  in 

Absence  of  Stimulation 

In  our  dolphin  subjects,  micnu  ihralion 
amplitude  peaks  usually  were  e\  idem  in  one 
or  more  frequency  bands  of  four  to  nine  H/. 
1.^  lo  20  Hr.  27  to  H/.  45  to  f>4  II/.  .ind 
75  to  S5  H/  The  highest  amplitude  peak  was 
never  above  Ihc  45  to  64  H/  range  Miertu  i 
bralions  in  the  75-85  H/  range  were  alwass 
less  than  one  or  more  other  peaks  and  abseni 
when  peak  activity  was  in  ihe  27  H/ 
range 

If  we  accepi  the  reasonable  conclusion 
that  aclivily  peaks  recorded  m  the  lour  to 
eight  H/  range  were  mainly  due  lo  hrealhs 
(blow  s).  NhIv  movcmen(s.  and  large  skelc(al 
muscle  contractions,  then  the  major  micros  i 
bralion  activity  inourcxpcnmcms  was  in  ihe 
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7.  Drawing  of  a  dolphin  swimming  through  Pacific  Ocean  waters  containing  biolumi- 
nescent  organisms.  Turbulence  excites  the  organisms  causing  them  to  luminesce. 

The  trunk  between  the  eye  and  dorsal  fin,  where  the  cutaneous  ridges  run  circumfer¬ 
entially,  forming  lines  perpendicular  to  the  direction  of  water  flow,  is  free  of  turbu¬ 
lence.  Drawn  by  L.E.  McKinley  from  an  underwater  bubble  on  the  RA'  See  .Sea  off 
Southern  California  in  the  l%Os.  (See  also  Ref.  (2|.) 


1.^  to  20  Hz  range  (Fig.  .t).  Haider  and  Lind- 
sley  mentioned  peak  activity  of  1.1  Hz  in 
their  dolphin  subject  |61. 

Microvibrations  during 
Vibratory  Stimulation  of  the  Skin 

Figure  4  shows  the  results  of  vibrating 
the  dolphin's  right  side  near  the  dorsal  fin. 
The  accelerometer  was  ItKated  on  the  skin 
about  10  cm  posterior  to  the  vibrating  stimu¬ 
lus,  and  the  bimorph  10  cm  fanher  on.  The 
stimuli  were  presented  in  a  series  about  10  s 
apart  In  this  instance,  activity  from  both 
sensors  continued  (CA)  after  the  stimulus 
was  terminated.  Low-level  activity  also  was 
registered  (arrows)  just  before  the  succeed¬ 
ing  stimulus. 

Occasionally,  continuing  activity  (CA) 
was  more  pronounced,  lasting  over  one  s 
after  a  .W  Hz  stimulus  (Fig  1).  Low-level 
activity  (arrow)  is  evident  just  before  the 
stimulus  as  if  the  animal  anticipated  the  vi¬ 
bration  This  is  quite  possible  since  the  stim¬ 
uli  were  given  in  regular  intervals  of  five  to 
20  s  In  this  case  (Fig  -^).  the  liKCi  shows 
prolonged  heartbeat  iniervals  around  the  be¬ 
ginning  and  ending  of  the  vibratutn 

A  stimulus  of  .‘if)  Hz  given  five  s  after  the 
termination  of  a  10  Hz  stimulus  resulted  in 
no  CA.  however.  CA,  from  the  prior  10  Hz 
stimulus,  continued  to  within  two  s  ol  the 
following  .‘>0  Hz  Mbration  CA  was  seen 
only  after  vibrations  in  the  20io4.S  Hz  range 
Because  the  CA  was  at  roughly  the  same 
frequency  as  the  stimulus,  we  assumed  that 
such  activity  was  an  artilaci  prinluced  by  the 


sensors;  however,  when  we  repeated  the 
same  stimuli  with  the  same  bimorphs  and 
accelerometers  using  sorbathane  or  neo¬ 
prene  rubber  rather  than  the  living  dolphin's 
■s-kin,  this  ongoing  activity  was  never  found. 

Since  the  CA  was  found  only  when  we 
vibrated  the  skin  with  frequencies  of  20  to 
4.*)  Hz.  we  next  reasoned  that  CA  may  have 
been  the  result  of  a  resonance  phenomenon 
in  the  dolphin's  cla.stic  skin.  However,  since 
the  CA  was  present  less  than  10  percent  of 
the  time,  a  purely  physical  phenomenon 
seemed  unlikely.  If  the  CA  is  indeed  a  reso¬ 
nance  in  the  dolphin  skin,  the  resonance 
must  be  effected  by  internal  properties  ol  the 
skin,  e  g.,  muscle  tension  or  blood  pressure 
in  dermal  arterioles. 

Electromyogram 

In  all  of  our  expenments.  wc  attempted 
to  insert  fine  wire  electrodes  into  subcuiane 
ous  muscle:  however,  we  were  not  success¬ 
ful  in  recording  FMG  signals  that  correlated 
with  the  stimuli  we  presented  or  with  the 
dolphi  n '  s  responses  ( SLPs.  CAs,  or  microvi  ■ 
brations)  Thus,  we  were  not  able  to  prove 
whether  or  not  the  inu.u'ulu.s  ciilaneous  is 
involved  in  the  tiny  movements  that  we  oh 
served  as  microvibrations  or  as  CA 

It  is  possible  that  the  subcutaneous  mus 
cic  IS  responsible  for  some  skin  movement, 
but  that  discrete  areas  of  the  muscle  or  him 
die  groupings  move  specific  areas  of  skin 
Perhaps  our  electrrxJes  were  never  in  the 
right  place  at  the  right  time  However,  we 
have  never  seen  dolphin's  skin  make  the 


characlerisiic  rapid  gross  mosemenis  itiai 
can  he  observed  from  ilic  hoi  sc  .  Ily 
shaker  " 

Cutaneous  Ridges 

All  dolphins  we  obsersed  h.id  small, 
regular  cutaneous  ridges  over  much  ol  the 
surface  of  their  bodies  (Fig  hi  1  hcsc  ridges 
usually  were  faint  at  the  surl.icc  ol  ilic  skin 
and  could  not  be  seen  from  a  dislancc,  how 
ever,  they  were  nearly  always  visible  upon 
close  inspection  of  the  skin  ol  the  living 
animal.  The  ridges  were  especially  easy  lo 
observe  at  an  appropriate  oblique  angle  or 
with  a  low-power  magnifying  lens  |22,  21 1 

Cutaneous  ridges  were  not  promincni  on 
the  snout,  melon,  or  lower  jaw  They  became 
prominent  at  the  level  of  the  blowhole  and 
eyes.  From  about  the  blowhole  back  lo  the 
dorsal  fin.  their  orientation  was  perpendicu 
lar  lo  the  long  axis  of  the  body  The  ridges 
ran  circumferentially  around  the  occipital, 
cervical,  and  thoracic  regions,  tormmg  lines 
perpendicular  to  the  long  axis  ol  the  body 
and  at  right  angles  to  the  direction  of  water- 
flow  past  the  swimming  dolphin.  Fhey  ran 
circumferentially  around  the  base  of  the  dor¬ 
sal  fin.  but  were  not  prominent  on  the  upper 
pan  of  the  dorsal  fin.  They  were  not  ob¬ 
served  on  the  flippers  except  near  their  in¬ 
sertion  to  the  body.  On  a  level  with  or 
posterior  to  the  dorsal  fin.  the  ridges  usually 
were  oriented  obliquely  or.  in  some  cases, 
almost  parallel  to  the  fxxly  axis  as  shown  in 
Fig.  6a,  w  hich  is  a  sketch  of  the  approximate 
arrangement  observed  in  three  dolphins 

Discussion 

Our  studies  indicate  that  dolphin  skin  is 
sensitive  to  vibrations  or  small  pressure 
changes  on  its  surface.  We  have  show  n  that 
the  most  sensitive  areas  are  liK-aied  al  the 
angle  of  gape,  and  around  the  eyes,  snout, 
melon,  and  blowhole  (Fig.  2l  The  exact 
magnitude  of  this  sensitivity  cannot  he  de¬ 
termined  from  our  data,  but  we  find  no  rea 
son  to  disagree  w  ith  Kolchin  and  Bel  'kov  ich 
who  suggested  that  the  most  sensitive  areas 
of  the  dolphin  skin  are  about  as  sensitive  as 
the  skin  of  the  human  lips  and  lingers  1 14] 
Since  the  whisker  pits  along  the  dolphin  s 
snout  are  well  innervated,  we  ex|iected  to 
find  them  to  be  more  sensitive  than  the  sui 
rounding  skin  of  the  snout  and  adjaceni  .ireas 
of  the  head.  The  stimuli  w  eemploy  ed  did  noi 
produce  greater  responses  from  the  area  ol 
the  snout  containing  the  whiskci  pits  Per 
haps  the  pits  arc  sensitive  lo  some  s|x’cial 
i/ed  stimulus  that  we  did  not  present 

On  a  dolphin's  spindle  shaped  biKly, 
transition  from  laminar  to  itirbulenl  How 
might  be  expected  in  the  area  below  the 
dorsal  fin  Supporting  evidence  lor  this  has 
been  obtained  by  1,  F,  McKinley  who  ob 
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\cr\cd  Pacilii.  vshilc  sulcii 
lAii^cnorliMH  lui.\  ohluiii<Ji‘H.\.  s\\  iininini; 
through  hiolumincNCcnl  \^alcl^  al  |2| 
.Siih>cqucnily.  he  was  able  lo  draw  whai  he 
had  ohsersed  (Fig.  7)  We  had  esi-reeted  lhai 
(X-rhaps  (he  skin  of  this  transition  area  might 
be  extrasensitive;  however,  our  results  did 
not  show  this. 

The  dolphin's  nervous  system  deteets 
changes  in  pressure  on  its  skin  surface;  how  - 
e\er.  our  results  only  suggest  that  the  dol¬ 
phin's  skin  may  reduce  drag  by  moving 
synchronously  with  small  vibrations  im¬ 
pinging  on  its  surface. 

Our  observations  of  CA  and  of  tx-ca- 
sional  amplifications  of  microvibrations 
suggest  that  the  dolphin  skin  may  be  able  to 
adjust  to  pressure  changes  by  amplifying 
normal  microvibrations,  or  by  producing  vi¬ 
brations  with  muscular  contractions.  Our 
studies  suggest  a  mechanism  by  which  the 
dolphin  skin  might  move  or  vibrate  to  im¬ 
prove  hydrodynamic  performance  as  has 
been  proposed  (6, 7,9,  10,261.  Dolphin  skin 
is  probably  sensitive  enough  to  detect  turbu¬ 
lent-flow.  Drag  may  be  decreased  by  de¬ 
creasing  the  pressure  gradient  in  the  adjacent 
water  layer.  The  skin  may  actively  flex  away 
from  higher  pressure  and  toward  lower  pres¬ 
sure. 

We  cannot  assume  that  all  changes  would 
be  aimed  at  reducing  drag.  In  some  cases, 
i.e.,  changing  directions,  stopping,  or  when 
a  mother  “carries"  an  infant  on  her  pressure 
wave,  it  might  be  advantageous  for  the  ani¬ 
mal  to  increase  drag.  In  such  cases,  skin 
movement  might  simply  be  reversed  in 
phase  to  achieve  the  desired  result. 

The  cutaneous  ridges  may  play  an  impor¬ 
tant  role  in  sensory  function  and  in  hydrody¬ 
namics.  When  the  ridges  are  pre.served  in 
histological  sections,  their  spacing  appears 
to  be  roughly  the  same  as  that  of  the  under¬ 
lying  dermal  papillae;  however,  union  of  the 
cutaneous  ndges  with  the  deeper  epidermal 
and  dermal  structures  needs  better  defini¬ 
tion.  as  does  their  relationship  to  types  and 
patterns  of  nerve  endings  on  the  surface. 
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